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Arrhenius activation parameters (Ea, A) for the loss of neutral nucleobases from a series of
T-rich, doubly and triply deprotonated 15- and 20-mer oligodeoxynucleotides (ODN)
containing a single reactive base (X  A or C) with the sequence, XT14, XT19 and T19X, have
been determined using the blackbody infrared radiative dissociation technique. The
A-containing anions are significantly more reactive (3000 times) than the C-containing
ions over the temperature range investigated. Importantly, the Arrhenius parameters for
the loss of AH exhibit a strong dependence on size of the ODN and, to some extent, the
charge state; the Arrhenius parameters increase with size and charge (Ea  29 –39 kcal
mol1, A  1015–1020 s1). In contrast, the parameters for the loss of CH are much less
sensitive to size (Ea  35–39 kcal mol
1, A  1014–1017 s1). The results are consistent with
a greater contribution from the internal solvation of the reactive base to the Arrhenius
parameters for the loss of A, compared with C, from the 15- and 20-mers. To further probe
differences in internal solvation of A and C, hydrogen/deuterium exchange was carried
out on AT19
3, T19A
3, CT19
3 and T19C
3 using D2O as the exchange reagent. However, the
H/D exchange results did not reveal any differences in internal solvation within the ODN
anions. Arrhenius parameters for the dissociation of noncovalent complexes of T20
3 and the
neutral nucleobase AH or CH have also been determined. Differences in the parameters
indicate differences in the nature of the intermolecular interactions. It is proposed that
neutral A-T interactions (i.e., base-base), which originate in solution, dominate in the case
of (T20  AH)
3, while charge solvation, involving CH and a deprotonated phosphate
group, is present for (T20  CH)
3. (J Am Soc Mass Spectrom 2006, 17, 1229 –1238) © 2006
American Society for Mass SpectrometryMass spectrometry (MS), combined with elec-trospray ionization (ES) or matrix-assisted la-ser desorption/ionization (MALDI), is an im-
portant tool for sequencing DNA and RNA
oligonucleotides. Direct oligonucleotide sequencing is
normally carried out using tandem MS (i.e., MS/MS)
whereby the gaseous oligonucleotide ion of interest is
first isolated using one stage of MS, then subjected to
collisional or radiative heating (activation) to induce
fragmentation, followed by a second stage of MS to
analyze the mass of the fragment ions. Sequence infor-
mation is deduced from the mass difference for sequen-
tial fragment ions that share the same general structure,
vide infra [1]. Because sequence is determined from
mass differences, the tandem MS approach is equally
applicable to oligonucleotides containing natural, un-
natural, or modified residues.
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doi:10.1016/j.jasms.2006.05.002While tandem MS is now routinely used to deduce
sequence information for oligonucleotides, the mecha-
nisms of fragmentation of these biopolymers in the gas
phase are not fully understood. Studies of the fragmen-
tation of gaseous multiply deprotonated oligode-
oxynucleotide (ODN) ions, the focus of the present
study, have shown that dissociation proceeds initially
by the loss of a nucleobase, either in its neutral or
deprotonated form, with subsequent cleavage of the
adjacent 3= COO phosphodiester bond of the deoxyri-
bose to produce complementary ions, referred to as
[a-Base] and w ions according to the nomenclature
proposed by McLuckey et al. [2]. The tendency for bases
to be lost in their neutral or deprotonated form depends
on the charge state of the ODN, with higher charge
states favoring the loss of deprotonated base. Several
mechanisms have been proposed for the loss of nucleo-
bases from ODN anions and these have been recently
reviewed by Gross and coworkers [3, 4]. The different
mechanisms fall into two categories, those in which the
nucleobase is lost in its deprotonated form, which may
be followed by proton abstraction from the ODN to
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transfer from the ODN to the nucleobase occurs before
or in concert with cleavage of the glycosidic bond, such
that the base is lost directly as a neutral. It has been
suggested that the different mechanisms might be dis-
tinguished based on the relative reactivity of the four
DNA bases, adenine (A), guanine (G), cytosine (C), and
thymine (T). Specifically, if the base is protonated
before cleavage of the glycosidic bond, the relative
reactivity of the bases might be expected to follow the
trend in gas-phase basicities or proton affinities of the
nucleobase. If the base is initially lost in its deproto-
nated form, the relative reactivity is expected to follow
the trend in gas-phase acidities. Underlying these argu-
ments are the important assumptions that the strength
of the N-glycosidic bonds for the four bases are similar
and that cleavage of the glycosidic bond represents the
rate-limiting step for base loss. The loss of the nucleo-
bases in their deprotonated form generally follows the
trend, A  T  G  C, although somewhat
different trends have also been reported [5]. Interest-
ingly, the trend in reactivity does not strictly follow the
trend in gas-phase acidity or deprotonation enthalpy
for the nucleobases, A  G  T  C [6]. Numerous
studies of neutral base loss from ODN anions have been
reported [3–5, 7–17]. However, no general trend in the
relative kinetic reactivity of the bases has been identi-
fied. Instead, the relative reactivity seems to be influ-
enced by a number of factors, notably the size, sequence
and charge state of the ODN as well the internal energy
of the ions.
The first quantitative study of the kinetics and ener-
getics for the loss of neutral nucleobases from gaseous
ODN anions was carried out by Williams and cowork-
ers [14]. Using the blackbody infrared radiative disso-
ciation (BIRD) technique, they determined Arrhenius
activation energies (Ea) and pre-exponential factors (A)
for the loss of AH, CH, and GH from some doubly
deprotonated 7-mers. The loss of TH was not observed
at reaction temperatures of up to 210 °C. Because all of
the ODNs investigated contained multiple reactive
bases, the reported Arrhenius parameters were average
values, reflecting the loss of base from multiple posi-
tions. The first quantitative study of the Arrhenius
parameters for the loss of individual nucleobases was
recently reported by our laboratory [17]. BIRD was
performed on a series of doubly deprotonated T-rich
ODN anions of the type XT9, T9X and T5XT4, where X
A, G or C. Because the T residues are unreactive, it was
possible to quantify the Arrhenius parameters for the
loss of the individual AH, GH and CH from the 5= and
3= termini, and the internal position of the 10-mers. The
trend in the dissociation Ea values was shown to be
sensitive to the position of the nucleobase: C  G  A
(5= and 3= termini), C  A  G (internal position).
Importantly, it was noted that the trends in Ea values do
not simply follow trends in either gas-phase deproto-
nation enthalpies or proton affinities, and by them-
selves do not provide insight into whether the reactivenucleobase is initially protonated before cleavage of the
glycosidic bond or whether the base is initially lost in its
deprotonated form. It was suggested that the Arrhenius
parameters for base loss were influenced by noncova-
lent intramolecular interactions involving the reactive
nucleobase. Based on the trends in Ea and A values, it
was further suggested that, independent of the position
within the 10-mer, C participates in greater internal
solvation than do A or G.
An interesting question, not addressed in the earlier
BIRD study [17], is how size and charge state of ODN
anions influence the degree of internal solvation and,
correspondingly, the kinetics and energetics of neutral
base loss. The present study seeks to answer this
question and to further test the hypothesis that there are
inherent differences in the intramolecular solvation of
A, G, and C within the T-rich ODN anions. Time-
resolved BIRD experiments have been performed on
doubly and triply deprotonated T-rich 15- and 20-mer
anions containing one reactive base (X) at the 5= or 3=
termini, XT14, XT19, and T19X, where X  A or C. From
the temperature dependence of the dissociation rate
constants for the loss of neutral A or C, Arrhenius
activation parameters have been determined. Insights
into the influence of base solvation and N-glycosidic
bond cleavage on the reaction dynamics and energetics
for base loss were deduced from a comparison of the
Arrhenius parameters determined for the 15- and 20-
mers, as well as values previously reported for the XT9
and T9X 10-mers. To further explore the possible differ-
ences in nucleobase solvation within the ODN anions,
gas-phase hydrogen/deuterium exchange has been per-
formed on the triply deprotonated A- and C-containing
20-mers. Additionally, BIRD experiments were carried
out on triply deprotonated noncovalent complexes of
T20 with neutral AH or CH to establish whether, when
bound noncovalently to ODN anions, the nucleobases
experience differences in intermolecular solvation.
Experimental
All experiments were performed on an ApexII Fourier-
transform ion cyclotron resonance (FT-ICR) mass spec-
trometer (Bruker, Billerica, MA) equipped with a 4.7 or
9.4 T superconducting magnet and an external nano-
electrospray (nanoES) ion source. The ODNs were pur-
chased from ACGT Corp. (Toronto, Canada) and used
without further purification. The free nucleobases, AH
and CH, were purchased from Sigma-Aldrich Co.
(Oakville, Canada). To produce the gaseous ODN an-
ions, nanoES was performed on 1:1 H2O/CH3CN solu-
tions containing 200 M ODN. To produce the nonco-
valent complexes of T20 with CH or AH, nanoES was
performed on 1:1 H2O/CH3CN solutions containing 50
M T20 and 50 M AH or CH. NanoES tips were pulled
from aluminosilicate tubes (1 mm o.d., 0.68 mm i.d.)
using a P-2000 micropipette puller (Sutter Instruments,
Novato, CA). A platinum (Pt) wire, inserted into the
open end of the nanoES tip, was used to apply a
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tion. The tip was positioned 1 to 2 mm from a stainless
steel sampling capillary using a microelectrode holder.
The solution flow rate typically ranged from 60 to 100
nL/min depending on the diameter of the nanoES tip
and the nanoES potential.
The droplets and gaseous ions produced by nanoES
were introduced into the mass spectrometer through a
heated stainless steel capillary (i.d. 0.42 mm) main-
tained at 62 °C. The ion/gas jet sampled by the capillary
(48 V) was transmitted through a skimmer (1 V) and
stored electrodynamically in an rf hexapole. Ions were
accumulated in the hexapole for between 1 and 5 s,
depending on the ion’s size and the desired charge
state, subsequently ejected and injected at 2700 V into
the bore of the superconducting magnet, decelerated,
and introduced into the ion cell. The trapping plates of
the cell were maintained at a constant potential of 2 V
throughout the experiments. The typical base pressure
for the instrument was 5  1010 mbar. For the BIRD
experiments, the temperature of the ion cell was con-
trolled with two external flexible heating blankets
placed around the vacuum tube in the vicinity of the ion
cell [18]. Hydrogen/deuterium (H/D) exchange exper-
iments were performed by introducing D2O, at a static
pressure (uncorrected) of 7  1010 mbar, into the
vacuum chamber. The ion cell temperature and, corre-
spondingly, the temperature of the deuterating agent
inside the cell was 22 °C. The H/D exchange experi-
ments were performed exclusively at a magnetic field
strength of 9.4 T. Mass spectra were acquired by an SGI
R5000 computer running the Bruker Daltonics XMASS
software, version 5.0.10. Isolation of the reactant ions
for the BIRD and H/D exchange experiments was
achieved using rf frequency excitation. The isolated
ions were stored inside the heated cell for varying
reaction times before excitation and detection. For the
BIRD experiments the time-domain signal consisted of
the sum of 20 transients containing 128 K data points
per transient, while for H/D exchange experiments,
with 512 K data points, the time domain signal was
subjected to one zero-fill before Fourier transformation.
Results and Discussion
Dissociation Pathways of ODN Anions
NanoES of 1:1 H2O:CH3CN solutions containing 200
M ODN (XT14, XT19, or T19X, where X  A, C)
produced predominantly the triply deprotonated ODN
ions, (M  3H)3 	 M3, Figure 1. In certain cases, the
M2, M4 and M5 ions were also present at low
abundance. Additionally, adducts corresponding to the
attachment of alkali metals or phosphoric or acetic acid
to the ODN anions were also sometimes observed.
BIRD was performed on the Mn ions, where n  2
and 3, at temperatures ranging from 80 to 190 °C.
Representative BIRD spectra for each of the Mn ions
investigated are shown in Figure 2. The dissociationpathways observed for the 15- and 20-mers are consis-
tent with the pathways previously identified for the
dissociation of the corresponding XT0
2 and T9X
2 ions.
Dissociation of the doubly and triply charged ATm
n
ions, where m  14 or 19, yielded product ions corre-
sponding to the loss of neutral base, (ATm  AH)
n,
and cleavage of the sugar 3= COO bond, leading to w14n
and w19
n ions for AT14
n and AT19
n, respectively (eq 1a).
Dissociation of the doubly and triply charged T19A
n
ions resulted in the formation of (T19A  AH)
n and
(T19A  AH  H2O)
n ions (eq 1b). For the C-contain-
ing ions, only the secondary fragment ions, wm
n and
(TmC  CH  H2O)
n, were present in the BIRD
spectra. It was shown previously by double resonance
experiments that the loss of neutral CH is the only
primary dissociation channel for the C-containing T-
rich 10-mers, and that the absence of the (XTm  XH)
n
and (TmX  XH)
n ions in the BIRD spectra is attrib-
uted to the slow dissociation kinetics for the loss of CH
compared with the secondary dissociation processes
[17]. There was no evidence for the loss of neutral T in
any of the BIRD spectra, consistent with previous BIRD
studies of deprotonated ODN anions [14, 17].
XTm
n¡ XTmXHn¡wmn (1a)
Figure 1. NanoES mass spectra of 1:1 H2O:CH3CN solutions
containing 200 M (a) CT14, (b) CT19, and (c) AT19. The asterisk
indicates a harmonic of the precursor ion [19].TmX
n¡ TmXXHn¡ TmXXHH2On (1b)
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The temperature-dependent first-order rate constants
(k) for the loss of neutral nucleobase were determined
from the change in the natural log of the normalized
intensity (abundance) of the ODN reactant ions (IR,norm)
with reaction time (eq 2). IR,norm was calculated using eq
3, where IR is the abundance of the reactant ion and 
IP
is the sum of the abundance of all product ions,
Figure 2. Blackbody infrared radiative dissociation spectra of
doubly and triply deprotonated ODN anions (a) (AT14)
2 at 98 °C
and a reaction delay of 30 s, (b) (AT14)
3 (100 °C, 20 s), (c) (AT19)
2
(121.5 °C, 18 s), (d) (AT19)
3 (135.5 °C, 2 s), (e) (T19A)
2 (121 °C,
6 s), (f) (T19A)
3 (134 °C, 1.25 s), (g) (CT14)
2 (164.5 °C, 100 s), (h)
(CT14)3 (164.5 °C, 100 s), (i) (CT19)
3 (167.5 °C, 110 s), and (j)
(T19C)
3 (166 °C, 75 s).including those produced by secondary reactions. Be-cause of difficulties in accurately quantifying the low
abundance isotopic peaks, within their respective iso-
tope envelope for the reactant and product ions, due to
poor signal-to-noise ratios, IR,norm was calculated using
only the most abundant isotopic ion for the reactant and
product ions. As noted previously [17], this approach
leads to IR,norm values that are within 15% of the values
obtained when all isotope peaks are considered. Illus-
trative kinetic plots obtained for (CT14)
3, (CT19)
3, and
(AT19)
3, at five different temperatures are shown in
Figure 3. The plots are linear and exhibit near zero
intercepts, as expected for simple first-order reactions.
Plots of similar quality were obtained for all of the ODN
anions investigated. The dissociation rate constant was
determined from the slope of a linear least-squares fit
of the kinetic data obtained at each temperature
investigated.
lnIR, norm, tkt (2)
Figure 3. Dissociation kinetic data of (a) (CT )3, (b) (CT )3,14 19
and (c) (AT19)
3 obtained at the temperatures indicated.
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Arrhenius plots constructed from the temperature-
dependent rate constants for the loss of nucleobase are
shown in Figure 4. Reasonably linear Arrhenius plots
were obtained for all of the ODN anions. The Arrhenius
Ea and A-factor were obtained from the slopes and
y-intercepts, respectively, of a linear least-squares fit of
the temperature-dependent kinetic data and the values
are listed in Table 1. Arrhenius parameters previously
determined for T-rich 10-mer anions with a single
reactive base are included for comparison purposes.
Also included in Table 1 are values for the entropy of
activation (S‡), calculated at a temperature of 150 °C
from the corresponding A-factor using eq 4.
Figure 4. Arrhenius plots for the loss of neutral nucleobase from
(AT14)
2, (open inverted triangle); (AT14)
3, (filled diamond);
(AT19)
2, (filled triangle); (AT19)
3, (open square); (T19A)
2, (open
circle); (T19A)
3, (filled circle); (CT14)
2, (filled inverted triangle);
(CT14)
3, (filled square); (CT19)
3, (open diamond); (T19C)
3,
(open triangle).
Table 1. Arrhenius activation parameters for the loss of neutral
oligodeoxynucleotide anions containing a single reactive base
Oligodeoxynucleotide Ea (kcal mol
1)a
(AT9-2H)
2 25.9  0.2c
(AT14-2H)
2 29.7  0.6
(AT14-3H)
3 28.8  0.5
(AT19-2H)
2 37.8  1.9
(AT19-3H)
3 34.9  1.6
(T9A-2H)
2 23.0  0.6c
(T19A-2H)
2 38.5  0.6
(T19A-3H)
3 33.4  0.7
(CT9-2H)
2 34.6  1.1c
(CT14-2H)
2 35.7  0.6
(CT14-3H)
3 35.3  1.7
(CT19-3H)
3 39.4  1.0
(T9C-2H)
2 37.2  2.3c
(T19C-3H)
3 37.8  1.3
aErrors correspond to one standard deviation.
b ‡S values calculated at 423 K using eq 4.
cArrhenius parameters taken from ref 17.A ekT ⁄ hexpS‡ ⁄R (4)
Inspection of Figure 4 reveals that, over the temperature
range investigated, the C- containing compounds ex-
hibit very similar dissociation kinetics while the A-con-
taining ions exhibit a much broader range of reactivity.
It can also be seen that loss of AH from the 15- and
20-mers is significantly faster that the loss of CH;3000
times faster at 144 °C. The enhanced reactivity of the
A-containing ions, compared with C-containing ions, is
even more striking given the similarity in Ea values for
their 20-mers, Table 1. It is also worth noting that the 15-
and 20-mers all react faster than their corresponding
10-mers, i.e., the XT9
2 and T9X
2 ions [17]. The en-
hancement in reactivity is most pronounced for the
A-containing ions, despite the larger Ea values for their
15- and 20-mers, compared with the 10-mers.
Inspection of the Arrhenius parameters in Table 1
reveals a striking difference in the dependence of the A
and C base loss reactions on the size and charge state of
the ODN anions. For the A-containing ions, the Ea
values are very sensitive to the size of the ODN. For
example, for the ATm
2 series, the Ea values increase
from 25.9 (m 9) to 29.7 (m 14) to 37.8 kcal mol1 (m
 19). A similar increase in Ea is found for TmA
2 ions,
from 23.0 (m  9) to 38.5 kcal mol1 (m  19). An
increase in charge state from, n  2 to 3, for the AT19
n
and T19A
n ions results in a 5 kcal mol1 decrease in Ea
values. However, no such charge effect is found for the
AT14
n anions, which exhibit similar Ea values. In con-
trast to the results obtained for the A-containing ODN
anions, the Ea values for the C-containing ODN are
relatively insensitive to size and charge state, with the
exception of the CT19
3 ion, which has an Ea value of 39
kcal mol1, the Ea values for the C-containing ODN fall
within a 2 kcal mol1 range, 35 to 37 kcal mol1.
Interestingly, the position (5= or 3=) of A or C has only a
small effect on the Ea values. This is an intriguing result
eobase from some doubly and triply deprotonated
A (s1)a S‡ (cal mol1 K1)b
1012.1  0.1c 6
1015.8  0.3 11
1015.6  0.3 10
1019.8  1.0 29
1018.7  0.9 24
1010.5  0.3c 13
1020.2  0.4 31
1017.9  0.4 21
1014.1  0.6c 3
1015.5  0.3 10
1015.2  0.8 8
1017.4  0.5 18
1014.6  1.1c 6
1016.5  0.7 14nucl
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ODN anions on the 3= side of a T is generally enhanced
compared with the 5= side [1].
For the A-containing ODN ions, the A-factors fall in
a broad range of values, 1010–1020 s1, which corre-
spond to S‡ values of 13 to 31 cal mol1 K1. For the
C-containing ions, the A-factors and S‡ values span a
smaller range, 1014–1017 s1 and 6–18 cal mol1 K1,
respectively. To put these values into perspective, it is
useful to compare them with values reported for cova-
lent bond cleavage reactions. For simple homolytic
bond fission in small molecules, A-factors of 1014 to 1017
s1 are typical, while values of 1013 s1 are generally
associated with complex bond cleavage reactions in-
volving cyclic transition states [20]. The A-factors for the
loss of CH are similar to values expected for simple
bond fission, which is consistent with cleavage of the
N-glycosidic bond as the rate-limiting step for neutral
base loss. For the A-containing 10-mers, the relatively
small A-factors suggest that the r-limiting step for the
base loss reaction involves simultaneous bond cleavage
and bond formation (i.e., a relatively tight transition-
state), while for the 15-mers, the A-factors are more
consistent with simple bond fission. The large A-factors
determined for the 20-mers cannot be explained simply
in terms of covalent bond cleavage. Large A-factors,
1018 s1, have previously only been reported for the
dissociation of noncovalent biological complexes such
as protein-carbohydrate and multiprotein complexes
[18, 21, 22]. It has been suggested that these large
A-factors arise from the softening of numerous vibra-
tional modes upon cleavage of the stabilizing noncova-
lent intermolecular interactions [21]. The large A-factors
determined for the 20-mers suggest, therefore, that the
loss of AH is accompanied by the cleavage of multiple
noncovalent interactions, likely involving solvation of
the nucleobase. As described below, there is also evi-
dence that internal solvation of the reactive nucleobase
influences the Arrhenius parameters for the smaller
A-containing ODN anions.
It is interesting to note that, for both the A- and
C-containing ODN ions, the Ea and A values are highly
correlated. However, the relationship between the Ea
and A values is different for the two sets of ODN ions.
For the A-containing ions, the average Ea/logA ratio is
1.9  0.1, while for the C ions, the average ratio is 2.3 
0.1. The difference in Ea/logA ratios determined for the
loss of AH and CH indicates that, for a given Ea, the
base loss reaction is inherently more favorable entropi-
cally for AH. Notably, the ratios determined for the
A-containing ions are similar to those found for the
dissociation of noncovalent protein-carbohydrate and
multiprotein complexes in the gas phase. From an
analysis of the Arrhenius parameters reported for the
dissociation of protein complexes, the average Ea/logA
value is found to be 2.0  0.1 [23]. The origin of the
correlation of Ea and A values for the protein complexes
remains a matter of debate [18, 24]. Although artifacts
arising from the statistical treatment of the kinetic datamay obscure the true nature of the correlation, such
energy-entropy correlation is thought to be an inherent
characteristic of complexes stabilized by multiple, weak
interactions (e.g., hydrogen bonds) [25]. The similarity
in Ea/logA ratios for the A-containing ODN anions and
the protein complexes further suggests that loss of AH
requires the cleavage of noncovalent interactions. In
contrast, the larger Ea/logA ratios found for the C-
containing ions are more consistent with a reaction
involving simple covalent bond cleavage (i.e., cleavage
of the glycosidic linkage), than with noncovalent bond
cleavage. That is not to say that C is not internally
solvated, rather that covalent bond cleavage represents
the dominant energetic and entropic contributions to
the Arrhenius parameters.
The differential internal solvation of A and C within
the T-rich ODN anions provides a reasonable explana-
tion for the observed dependence of the Ea and A values
with ODN size and charge state. As the A-containing
ions get bigger and, presumably, conformationally
more flexible, the intramolecular solvation of A might
be expected to be enhanced and lead to larger Arrhe-
nius parameters. Furthermore, the smaller Ea and A
values for the triply charged AT19 and T19A ions,
compared with the doubly charged ions, is consistent
with reduced base solvation with increasing charge
state due to Coulombic repulsion, which is expected to
cause the ions to adopt more extended conformations
[26]. In contrast, the limited sensitivity of the Arrhenius
parameters for the loss of CH to size and charge state of
the ODN is consistent with a simple covalent bond
cleavage reaction (i.e., heterolytic cleavage of the glyco-
sidic linkage) with little or no contribution from in-
tramolecular interactions.
The above interpretation of the Arrhenius parame-
ters, if correct, may provide new insight into the relative
strength of the N-glycosidic linkages for A and C. If the
Arrhenius parameters for the loss of AH correspond
predominantly to the cleavage of noncovalent interac-
tions stabilizing the nucleobase and the extent of base
solvation decreases with decreasing length of the ODN,
then for sufficiently small strands, the dissociation Ea
value should reflect the N-glycosidic bond cleavage
process, with little or no contribution from solvation
effects. In the absence of parameters for A-containing
ODN anions shorter than 10-mers, the values obtained
for the 10-mers in the previous BIRD study, 23 kcal
mol1, may be taken as the upper limit for the Ea for
glycosidic bond cleavage for A. In contrast, the Ea
values determined for the loss of CH, 35 kcal mol1,
do not appear to be significantly influenced by internal
solvation of nucleobase and may reflect the energy
required to cleave the glycosidic bond.
While the above analysis of the Arrhenius parame-
ters does not provide any direct insight into the mech-
anism of base loss from gaseous ODN anions, it is
interesting to note the similarities between the relative
reactivity and Ea values of A and C in the gas phase and
in solution. It is well established that depurination (loss
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depyrimidination (loss of TH or CH) in aqueous solu-
tion [27]. The differential reactivity of A and C reflects,
at least in part, a difference in the Ea for glycosidic bond
cleavage, 31 kcal mol1 for A [28] and 35 kcal mol1 for
C [29]. In solution, the base loss reaction is believed to
be acid catalyzed, with protonation of the nucleobase
resulting in a weakening of the glycosidic bond. Inter-
estingly, an analogous acid catalysis mechanism has
been proposed for the base loss reactions in the gas
phase by Gross and coworkers [16]. According to this
mechanism, the nucleobase is charged by proton trans-
fer from an adjacent phosphate group before cleavage
of the glycosidic bond. The similarities between the
relative reactivity and Ea values in solution and gas
phase are consistent with this acid catalyzed base loss
mechanism.
Hydrogen/Deuterium Exchange
Gas-phase H/D exchange is a promising technique for
identifying differences in the higher order structure of
biopolymers [30–32]. For example, differences in H/D
exchange rates have been measured for protein ions
generated by ES from native and denaturing conditions
[30]. H/D exchange has also been used to monitor
time-dependent structural changes in ODN anions in
the gas phase [33, 34]. Studies of H/D exchange in
mono- and oligonucleotides anions have suggested that
exchange involves inter- and intramolecular proton
transfer involving the phosphate groups [34]. It has also
been shown that the presence of internal hydrogen
bonds within the ODN anions slows down the rate of
exchange [33, 34]. Therefore, differences in base solva-
tion in the T-rich ODN ions investigated in the present
study may lead to differences in the rate of H/D
exchange. In addition to possible base stacking, the
intramolecular solvation of the nucleobases within the
ODN anions is expected to involve neutral and ionic
hydrogen bonds with other nucleobases, phosphate
groups and deoxyribose OH groups [34, 35]. As such,
the differential solvation of A and C in the larger T-rich
ODN anions (in particular the 20-mers) predicted by the
BIRD experiments might be revealed by gas-phase H/D
exchange experiments.
To investigate whether conformational differences
among the A- and C-containing 20-mers could be
identified using gas-phase H/D exchange, experiments
were carried out on the triply deprotonated AT19
3,
T19A
3, CT19
3, and T19C
3 anions using D2O as the
deuterating agent. Each triply deprotonated ion pos-
sesses 39 possible exchangeable hydrogens, belonging
to the imino, amino, hydroxyl and phosphate groups.
After isolating their naturally occurring isotopes, each
of the four ions were allowed to react with D2O for 300,
600, and 900 s. Shown in Figure 5 are mass spectra
obtained for each of the four ions at each time interval.
Reported in Table 2 is the change in average mass of the
ODN anions due to the incorporation of deuterons ineach exchange-time interval. The weighted average mass,
mave, at each time interval was calculated using eq 5
mave fimi (5)
where mi and fi are the mass and fractional abundance,
respectively, of the ODN isotopes. The change in aver-
Figure 5. H/D exchange mass spectra of (AT19)
3 at (a) 300 s, (b)
600 s, (c) 900 s, (CT19)
3 at (d) 300 s, (e) 600 s, (f) 900s, (T19A)
3 at
(g) 300 s, (h) 600 s, (i) 900, and (T19C)
3 at (j) 300 s, (k) 600s, (l)
900 s.age mass, m, is given by eq 6
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where mave (0) is the average mass at time zero, i.e.,
the average mass of the naturally occurring isotopes
of the ODN, and mave(t) is the average mass mea-
sured at time t.
Inspection of the m values reported in Table 2
reveals that there are differences in average exchange
rates determined for the four ODN ions: at 300 s, the m
values range from 3.5 (T19A
3) to 5.2 (T19C
3), at 600 s
the values range from 7.7 (AT19
3) to 9.8 (T19A
3) while at
900 s the values range from 10.1 (AT19
3) to 12.2 (T19C
3).
However, the differences in the m values are too small
to be considered significant within the uncertainty of
the experimental measurements. Consequently, it is
concluded that the H/D exchange experiments do not
provide evidence of differences in the degree of internal
solvation within the A- and C-containing ODN anions.
BIRD of Noncovalent (T20  XH)
3 Complexes
The BIRD experiments, if not the H/D exchange exper-
iments, suggest that there are differences in the higher
order structures of A- and C-containing T-rich ODN
anions. These structural differences are attributed, at
least in part, to inherent differences in the internal
solvation of the covalently bound A and C bases within
the anions. It was also of interest to establish whether
the A and C bases, when bound noncovalently to T-rich
ODN anions, exhibit differences in intermolecular sol-
vation. To address this question, BIRD was performed
on the complexes of triply deprotonated T20 and AH or
CH, i.e., (T20 XH)
3. The noncovalent complexes were
produced by performing nanoES on solutions contain-
ing T20 and the nucleobase AH or CH at relatively high
concentration (50 M). Dissociation of the (T20 
XH)3 complexes proceeds exclusively by the loss of the
neutral base (XH), eq 7.
T20XH3¡T203XH (7)
Shown in Figure 6 are kinetic plots obtained at several
temperatures for the dissociation of the (T20  AH)
3
and (T20  CH)
3 ions. The plots are linear and, except
at the lowest temperatures investigated, exhibit near
zero intercepts. Shown in Figure 7 are the Arrhenius
plots constructed from the temperature-dependent dis-
Table 2. Average number of exchanged hydrogens (m) as a
function of exchange timeab
ODN anion 300 s 600 s 900 s
(AT19)
3 4.7 7.7 10.1
(CT19)
3 4.1 9.0 11.2
(T19A)
3 3.5 9.8 11.7
(T19C)
3 5.2 8.4 12.2
aCalculated from eq 5 and 6.
bD2O was used as exchange reagent at a static pressure of 7.0  10
10
mbar (uncorrected).sociation rate constants.It can be seen that the kinetic and energetic stabilities
of the (T20  AH)
3 and (T20  CH)
3 ions are very
different. Over the range of temperatures investigated,
(T20  AH)
3 is at least seven times more reactive than
(T20  CH)
3. The lower kinetic stability of (T20 
AH)3 coincides with significantly smaller Ea and A
values, 19.8  1.0 kcal mol1 and 1011.3  0.6 s1,
compared with (T20 CH)
3, 34.9 1.3 kcal mol1, and
1018.4  0.7 s1. Taken on their own, the Arrhenius
parameters suggest that there are significant differences
in how the two bases interact with T20
3. While these
Figure 6. Kinetic data, obtained at the temperatures indicated,
for the dissociation of the (T20  XH)
3 complexes into T20
3 and
XH; (a) (T20  AH)
3 and (b) (T20  CH)
3.
Figure 7. Arrhenius plots for the dissociation of the (T20 XH)
3
complexes into T3 and XH; (T  AH)3, (filled circle) and (T20 20 20
 CH)3, (open circle).
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from the dissociation data, it is possible to speculate on
the nature of the interactions. Primary sites of interac-
tion of the free base with the T20
3 ion may include one of
the deprotonated phosphate groups or one (or more) of
the neutral thymine bases. Given that the nucleobases
are relatively acidic in the gas phase (Hacid(AH)  327
kcal mol1, Hacid(CH)  337 kcal mol
1 [6], the
energetically preferred site of interaction might be one
of the charged phosphate groups (Hacid[CH3]2PO4H)
 321 kcal mol1 [36]. Because the difference in acidity
between the phosphate group and AH is less than the
difference for CH, AH would be expected to form the
strongest ionic hydrogen bond. However, this is not
consistent with the experimental results. One possible
explanation for this is that CH participates in additional
hydrogen bonds with the same phosphate group or
with adjacent phosphate groups. To our knowledge,
Arrhenius parameters for the dissociation of noncova-
lent complexes of deprotonated phosphate groups and
small neutral molecules have not been reported. Wil-
liams and coworkers have estimated the dissociation
threshold energy for the H3PO4·H2PO4
 complex to be
 30 kcal mol1 [37]. However, it is difficult to
compare this value directly with the present Ea values
because H3PO4 is more acidic than AH or CH and
can, in principle, form a stronger ionic hydrogen
bond than either of the nucleobases. Furthermore, the
H3PO4·H2PO4
 complex is likely stabilized by multi-
ple intermolecular hydrogen bonds, which may not
be the case for AH or CH. A second possible site of
interaction of the free bases is one of the neutral T
bases. According to theoretical calculations of the
hydrogen bond energy for DNA base pairs in the gas
phase, the interaction of TH with AH is energetically
more favorable, by several kcal mol1, than is the
interaction with CH. This is true even when consid-
ering only the hydrogen bonds that are possible
within the (T20  XH)
3 complexes. According to the
most recent DFT calculations, the A-T interaction
energy may be as large as 17 kcal mol1 [38]. Based
on the similarity between the theoretical A–T inter-
action energy value and the experimental dissocia-
tion Ea for the (T20  AH)
3 complex, 20 kcal mol1,
the possibility of neutral A–T interactions in the (T20
 AH)3 complex cannot be ruled out. However, for
the (T20  CH)
3 complex, the large Ea is inconsistent
with simple C–T interaction. More likely, CH inter-
acts at a charged phosphate group with, perhaps,
additional hydrogen bonding interactions contribut-
ing to the stability of the complex.
The present results suggest different interaction sites
for AH and CH within the (T20  XH)
3 complexes.
Given that solvation of a deprotonated phosphate
group would be expected to be, energetically, the most
favorable intermolecular interaction for both AH and
CH, this result is intriguing. A possible explanation for
the alternative binding site in the case of the (T20 
AH)3 complex would be that the base–base (A–T)interactions were present in solution and were nomi-
nally preserved upon transfer to the gas phase. In other
words, the A and T bases engage in specific H-bonding
in solution and the interactions become “kinetically”
trapped in the gas phase. Some support for this expla-
nation can be found in a study reported by Gokel and
coworkers [39]. Using ES/MS, the interactions between
diaza-18-crown 6 derivatives with two sidearms termi-
nating in either adenine (referred to as AOA) or thy-
mine (TOT) in a solution of CH3Cl/CH3OH were inves-
tigated. The authors observed the preferential
formation of the protonated complex TOT-AOA, a
result that suggests specific base-base interactions in
solution. In contrast, the (T20  CH)
3 complex is likely
produced from nonspecific interactions during the
nanoES process. With no preorganization of the struc-
ture of the complex, the base is likely able to migrate to
the preferred site of interaction, i.e., the deprotonated
phosphate group, in the gas phase.
Conclusions
The present work details the application of the BIRD
technique to study thermal decomposition of a series of
T-rich doubly and triply deprotonated 15- and 20-mer
ODN anions containing a single reactive nucleobase (A
or C). From the temperature dependence of the disso-
ciation kinetics, Arrhenius activation parameters for the
loss of neutral nucleobase from the ODN anions have
been determined. In agreement with an earlier study of
doubly deprotonated 10-mer ODN anions, the A-con-
taining ODN anions are significantly more reactive
(3000 times at 144 °C) than the C-containing ions.
Interestingly, the Arrhenius activation parameters for
the loss of base from the C-containing ions are relatively
insensitive to the size and charge state of the ODN. In
contrast, the parameters for the loss of base from the
A-containing ions exhibit a strong dependence on size
and, to some extent, charge state, with the parameters
increasing with size and charge state. The A-factors for
the loss of CH, which are in the range of 1015 to 1017 s1,
are consistent with simple bond cleavage as the rate-
limiting step. The A-factors for the loss of AH increase
with increasing size, 1011–1012 s1 (10-mers), 1015–1016
s1 (15-mers), and 1018–1020 s1 (20-mers). These results
are consistent with greater internal solvation of A with
increasing size of the ODN anions.
Gas-phase H/D exchange experiments were per-
formed on AT19
3, T19A
3, CT19
3, and T19C
3 anions,
using D2O as the deuterating agent, in an effort to
identify differences in intramolecular solvation of A
and C. However, the H/D exchange results were incon-
clusive. BIRD was also performed on noncovalent com-
plexes formed between T20
3 and AH or CH, i.e., (T20 
XH)3. Dissociation of complexes was found to proceed
exclusively by the loss of XH. Interestingly, the nature
of the noncovalently bound nucleobase had a signifi-
cant influence on the magnitude of the Arrhenius
parameters, 20 kcal mol1 and 1011 s1 for (T20 AH)
3
1238 DANESHFAR AND KLASSEN J Am Soc Mass Spectrom 2006, 17, 1229–1238compared with 35 kcal mol1 and 1018 s1 for (T20 
CH)3. The difference in the Arrhenius parameters
indicates significant differences in the nature of the
intermolecular interactions. It is speculated that in the
(T20  CH)
3 complex, which is likely formed via
nonspecific interactions during the nanoES process, the
CH interacts at a charged phosphate group with, per-
haps, additional hydrogen bonding interactions con-
tributing to the stability of the complex. In contrast,
specific A–T hydrogen bonding in solution may lead to
a gaseous (T20  AH)
3 complex in which the AH
interacts with T residues, instead of a charged phos-
phate group.
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